Abstract-Our novel position sensor is based on the combination of the eddy-current and permeability effects. The primary field is excited by a coil, but instead of induction coil, the sensing part uses anisotropic magnetoresistor (AMR) which also measures DC magnetic field. As the AMR is being flipped by the excitation frequency, the sensor is self-demodulated and the output is DC. The AMR sensitivity does not depend on frequency; therefore this sensor can be used at ultralow frequencies, where coils fail as sensors. We show the response of our sensor to ferromagnetic and non-ferromagnetic metals and possibilities to distinguish between them. We also show that our sensor can measure position through the conducting sheath.
INTRODUCTION
Eddy-current proximity detectors and distance sensors are most often based on the change of the quality factor of the coil caused by eddy currents in the target from conducting material [1, 2] . These sensors usually work in the frequency range of 1 kHz to 100 kHz. These sensors have been also miniaturized by using CMOS technology [3] . At high frequencies the penetration depth is very small and the sensor is also strongly influenced by parasitic capacitances. At low frequencies the sensitivity of such sensor is small, which is a consequence of the induction law: the induced voltage is proportional to frequency. However, for some applications it is desirable to use very small working frequency. At low frequency and low permeability the penetration depth is high and the sensor can be used to measure a position of ferromagnetic target through a conducting sheath. The requirement is that the sheath has low permeability -if it is from ferrous material, its permeability can be lowered by DC saturation. Our novel solution separates the transmission coil from the magnetic field sensor, which is in our case Anisotropic magnetoresistor (AMR) with a frequency response starting from DC [4] . Anisotopic magnetoresistors were already used in eddy-current NDT with high spatial resolution [5] . Compared to induction coil, AMR sensors have smaller size and their response is to some limit frequency independent. Therefore AMR sensors can be used at much lower frequencies than induction coils, which have sensitivity proportional to frequency. Fig. 1 shows the conventional system using AMR: f flip is typically 1 Hz to 1 kHz, the AMR output is AC at f exc ± f flip frequency.
In order to stabilize the AMR sensor offset and increase its resistance against crossfield effect, these sensors are often periodically remagnetized. We repetitively flip the sensor by short bipolar current pulses, which revert the magnetization direction of the sensing element and alter the sign of the sensor response. As the excitation field is squarewave of the same frequency, the response is self-demodulated. This concept is shown in Fig. 2 .
We experimentally proved the possibility to use flipping for signal demodulation which was predicted by Tumanski [6] . The output signal is DC voltage without any external demodulator. We can use the same sensor to separately measure DC magnetic response and eddy-current response. Our method has three advantages over DC magnetic position sensors: 1. it does not require any permanent magnet, 2. it suppresses the influence of the external DC magnetic fields and magnetic remanence of iron parts, and 3. it works also for non-magnetic conducting targets. The only limitation is the measuring range of the AMR sensor as the DC magnetic field results in the AC output signal. However, using an appropriate processing and feedback compensation the DC magnetic field can be suppressed. By this sensor we can separately measure DC magnetic response and eddy-current response in order to compensate for the target temperature-dependent permeability.
II. THE MEASUREMENTS
The prototype sensor is shown in Fig. 3 It uses single Honeywell HMC 1001 AMR sensor and AD8429 instrumentation amplifier with the gain of 100x. The sensor is inside the 46 mm diameter, 22 mm long excitation solenoid powered by 70 mA p-p squarewave current, which generates 115 A/m field at the end of the coil and 12 A/m field in 4 cm distance. The sensor is located in the coil axis inside the coil, at the coil end. Flipping is made using the integrated flipping coil by 1.2 A p-p current by discharging 6.8 nF capacitor directly coupled to the 30V V p-p square-wave excitation waveform from 50 Ω generator. Fig. 4 shows the typical response to conducting target for 1 kHz excitation frequency. The exponential pulses are caused by eddy currents, while DC shift is caused by target permeability. The squarewave component is caused by external magnetic field or by the target remanence.
When measuring the target position through the sheath the excitation frequency should be adjusted so that the penetration depth is larger than the sheath thickness. In such case the eddy currents decay fast and the magnetic field propagates through the sheath towards the target. (Fig. 5 ). Fig. 7 shows output DC voltage response of a selfdemodulated sensor to a ferromagnetic and aluminum target through 2.5 aluminum sheath. The target distance is measured from the end of the excitation coil. Low excitation frequency of 100 Hz was selected so that the excitation field penetrates the sheath. The frequency dependence in this case is caused not only by the eddy currents in the sheath, but also in the target. Conventional induction coil at this frequency shows very small sensitivity.
III. SIGNAL PROCESSING
The used principle is very flexible and it allows estimating the target properties using techniques developed for eddycurrent non-destructive testing and mine detection. The analysis can be performed both in the frequency and time domain. Sinewave excitation field at multiple frequencies is ideal for analysis in the frequency domain. For position sensor the overall circuit simplicity is an important aspect, which is a strong argument for using squarewave excitation. However, the signal spectrum for squarewave excitation is rather complex as illustrated in Fig. 8 . 100 Hz ± 100 Hz signal created by mixing 100 Hz excitation with 100 Hz flipping frequencies has two products: DC which is the main sensor output and signal at 200 Hz. However, part of the 200 Hz signal comes from third harmonic component of the excitation squarewave mixed with flipping (200 = 300-100). Some spectrum components are caused by AMR sensor non-linearities. Analysis of amplitude and phase shifts of such spectrum is not an easy task. Therefore we decided for time-domain signal processing, which in low-frequency case appears to be more straightforward.
For the laboratory evaluation we developed a software application based on dividing the digitized waveform into two intervals, the first one measures eddy currents and the second one the steady field of the excitation coil (Fig. 9) . The digitizer was 16 bit/250 kHz PCI-6221 from National Instruments, where a 10 kHz sampling rate proved to be sufficient for the 100 Hz excitation. ` Thus effects of conductivity and permeability are evaluated using a single excitation frequency of 100 Hz, so apart from proximity detection the material type is also indicated. The DC field (e.g. the Earth's field) is evaluated and compensated by an external coil to suppress the non-linearity of AMR output characteristic. Thus the linear output behavior is ensured for ±700 A/m DC field range. However the sensor dynamics, which is already low due to the low excitation frequency, is further restricted by the feedback compensation. 
IV. CONCLUSIONS
We have shown that AMR eddy current sensor can be used at very low excitation frequency (1 to 100 Hz) to detect the position of ferromagnetic or massive conducting object covered by a metal sheath. We have demonstrated 40 mm detection distance for ferrous target measured through the 2.5 mm thick aluminum sheath. Using the time-domain signal analysis, it is also possible to identify the target material. The sensor measures and simultaneously compensates the DC field component. The present sensor is not differential, DC field compensation and suppression of the excitation field is made electronically. However, using gradient configuration for larger detection distances is also possible; the detection distance limit can be increased also by increasing of the excitation coil diameter. Final version of the intelligent position sensor should have electronics integrated into the sensor body, which will be the next step of the development.
